The microstructure, static, and dynamic magnetic properties have been investigated for BaCoZnFe 16 O 27 doped with small amounts of V 2 O 5 from 0 to 1.5 wt %. The results show that the doping of V 2 O 5 can significantly improve the dynamic properties of W-type barium ferrites at microwave frequency. As compared to the undoped sample, the permeabilities 0 Ј and max Љ increase by about 42% and 67%, respectively, for the sample doped with 1.0 wt % of V 2 O 5 . Due to the V 2 O 5 doping, perfect hexagonal-plate grains are formed, leading to the decrease in the natural resonance frequency, due to the large demagnetizing effect. The predicted reflection loss shows that the maximum relative bandwidth W max = f up / f low reaches 3.9 for attenuation of more than 10 dB in the sample doped with 1.0 wt % of V 2 O 5 . This is a good candidate for electromagnetic materials with low reflectivity and broadband at microwave frequency.
I. INTRODUCTION
With the explosive growth in the use of electrical and electronic devices in industrial, commercial, and military applications, electromagnetic interference ͑EMI͒ has become a serious problem. Electromagnetic ͑EM͒ materials are commonly used to minimize EMI, and usually consist of dielectric or magnetic fillers and polymer. Barium ferrite powders are ideal fillers for the development of EM wave attenuation materials at microwave frequency, due to their low cost, low density, high stability, large electrical resistivity, and high microwave magnetic loss. [1] [2] [3] [4] [5] [6] A good EM wave attenuation material should have large permeabilities 0 Ј and max Љ , small permittivity Ј, and resonance frequency in the microwave band. Many studies focused on modifying the magnetic parameters and resonance frequency based on substitution of Fe 3+ ions with other ions in barium ferrites. [7] [8] [9] Meanwhile, it was found that a small amount ͑typically below 1.0 wt %͒ of additive with low melting point could have a great influence on the magnetic and electrical properties of ferrites. With the addition of Bi 2 O 3 , the microstructure and magnetic properties of M-type 10 and Z-type 11 hexagonal ferrites can be changed significantly. Hsiang et al. 12 also reported that PbO-CuO glass can be used as a sintering aid, and can effectively reduce the sintering temperature of Co 2 Z hexagonal ferrite. In addition, many works have been done to investigate the influence of V 2 O 5 on the densification and magnetic properties of spinel ferrites. The magnetic and electrical properties of Ni-Zn ͑Ref. 13͒ and Li-Zn ͑Refs. 14 and 15͒ ferrites could be remarkably improved by the addition of V 2 O 5 . Jain et al. 16 also indicated that a small addition of V 2 O 5 can promote sintering and increase the permeability of Ni-Zn ferrite. However, no systematic study has been conducted to investigate the effects of V 2 O 5 addition on the microstructure and magnetic properties of hexagonal ferrites. Our previous studies 17 have shown that CoZn-substituted W-type barium ferrites with substitution of CoϾ 0.6 have planar anisotropy and desirable high-frequency properties for use as EM materials with low reflectivity at microwave frequency. The present paper reports on the effects of V 2 O 5 doping on the microstructure, magnetic, and dielectric properties of CoZn-substituted W-type barium ferrites BaCoZnFe 16 O 27 and the corresponding composites.
II. EXPERIMENT
W-type hexagonal ferrites, BaCoZnFe 16 O 27 , were prepared by the conventional ceramic process. The starting materials, BaCO 3 , Fe 2 O 3 , Co 3 O 4 , and ZnO, were weighed, mixed, and grounded thoroughly in acetone for 30 min for the desired composition of BaCoZnFe 16 O 27 . The mixture was pressed into disks and sintered at 1300°C for 4 h in air. The sintered disks were then crushed and mixed with an appropriate amount of V 2 O 5 powder, with a doping amount of ␦ = 0.0, 0.5, 0.75, 1.0, and 1.5 wt %, respectively, followed by ball milling and resintering at 1300°C in air for another 4 h. Finally, the powders were obtained by crushing the sintered samples.
The sintered samples, with diameter of 4 mm and thickness of 1.5-1.8 mm, were used in the measurements of magnetization curves and M-H loops. The composite samples were prepared by mixing the crushed ferrite powders with epoxy resin; the volume concentration of ferrite powders is 50%. Next, they were made into a toroidal shape with an outer diameter of 6.8 mm, inner diameter of 3 mm, and length of about 2 mm for microwave measurements.
The density of the sintered samples was measured by the Archimedean method. X-ray diffraction ͑XRD͒ was performed using a Philips diffractometer with Cu K ␣ radiation for 2 = 20°-80°. The microstructure was observed using a field-emission gun scanning electron microscope ͑FEG-SEM͒ for thermally etched fractured surface and crushed powders of the sintered samples. The magnetization curves and M-H loops were measured using a vibrating-sample magnetometer ͑VSM͒ with applied fields of 0 -80 kOe and between −20 and +20 kOe, respectively. The complex permeability and permittivity were simultaneously obtained by measuring the S 11 and S 21 parameters over 0.5-16.5 GHz using a HP8722D vector network analyzer ͑VNA͒. In addition, the complex permeability over 0.1-1.8 GHz was measured using the HP4291B RF impedance/material analyzer.
III. RESULTS AND DISCUSSION
A. Microstructure characteristics XRD patterns are shown in Fig. 1 for BaCoZnFe 16 O 27 doped with 0, 0.5, 0.75, 1.0, and 1.5 wt % of V 2 O 5 . The standard position and intensity of the x-ray diffraction lines are also given in Fig. 1 , based on the JCPDS-International Center for Diffraction Data ͑Nos. 19-0098 and 78-0135͒. All samples are found to be single phase with W-type hexagonal structure; no other phases are detected. The lattice parameters a and c are listed in Table I . It is obvious that the parameters are almost constant, a = 0.5925͑3͒ nm, c = 3.304͑5͒ nm, and V = 3.015͑7͒ nm 3 for the samples doped with different amounts of V 2 O 5 .
In addition, Table I shows the bulk density of about 5.0 g / cm 3 ͑94% of theoretical density͒ for all samples. Dependence on the doping amount is not observed within experimental error. The density measured by the Archimedean method is for the particles and is not related to the porosity of the sintered samples.
Figures 2͑a͒ and 2͑b͒ show typical SEM images of the bulk material for the undoped and doped samples, respectively. From the SEM images, it is found that the morphology for the samples doped with small amounts of V 2 O 5 is completely different from the undoped case. For the undoped sample, the grain is cuboidlike in shape. The width and length of the grains are about 3 and 10 m, respectively. They stack compactly and a few intergranular pores can be observed. However, for the sample doped with small amounts of V 2 O 5 , the particles are of hexagonal-plate shape and are well separated from each other. The thickness of the grains is about 2 m and the average diameter is about 11 m. tension. This assists in the formation of the almost perfect hexagonal platelike grains. The high intergranular porosity is due to the irregular alignment of hexagonal plates. Similar results have also been observed by Zhang et al. 11 and Hsiang et al. 12 in the case of Bi 2 O 3 and glass additives, respectively. Also, typical SEM images of the crushed powders are shown in Figs. 2͑c͒ and 2͑d͒. For the doped samples, the particles possess a fine-grained morphology. It means that intercrystalline fracture is predominant in the crush procedure. However, for the undoped sample, the particles do not have a definite shape, as transcrystalline fracture has lower energy than other fracture modes. It appears that during sintering, the liquid phase around the particles effectively decreases the strength of the intergranular cohesion. Therefore, the fracture mode is changed from transcrystalline to intercrystalline fracture due to the addition of V 2 O 5 .
B. Static and dynamic magnetic properties
Coercivity H c was obtained from the M-H loop. Saturation magnetization M s was deduced from numerical analysis of the magnetization curve for sintered samples, based on the law of approach to saturation. The results are listed in Table  II for The complex permittivity and permeability of the composites filled with 50% ͑by volume͒ barium ferrite powders were measured from 0.5 to 16.5 GHz and from 0.1 to 16.5 GHz, respectively. The dielectric properties do not show observable changes over this frequency range for all composites. The real permittivity ⑀Ј is about 7.0-7.4, while the imaginary part ⑀Љ is about 0.3. A typical complex permittivity spectrum for BaCoZnFe 16 O 27 doped with various amounts of V 2 O 5 is shown in Fig. 3 .
The spectra of complex permeability are shown in Fig. 4 for composites doped with various amounts of V 2 O 5 . We observed two resonance peaks, namely, natural resonance at higher frequency and domain-wall resonance at lower frequency, as subscribed by Li et al., 17 Rado, 18 and Verwell 19 for all composites. The dynamic parameters of the two resonances are also listed in Table II In the rotation model for magnetic moment, the permeability is related to the in-plane anisotropy field H , i.e., ϳ M s / H , 19 for particles with c-plane anisotropy. The values of H are estimated to be 100-1000 Oe in W-and Z-type barium ferrites. 17, 19 However, when the domain wall is present, an enhanced permeability from reversible wall movement is obtained from a decreased coercivity H c ͑ӶH ͒ by ϳ M s / H c . 20 The dependence of 0 Ј on the ratio of saturation magnetization to coercivity, M s / H c , is indeed observed, as shown in Figure 4 shows that the natural resonance is shifted to lower frequency due to the doping of V 2 O 5 . The decrease may be attributed to the change in the shape of the particles.
C. Resonance frequency
The universal resonance frequency f r is given by
for the precession of the magnetization vector around a stable direction, i.e., the direction of ‫ץ‬F / ‫ץ‬ = 0 and ‫ץ‬F / ‫ץ‬ =0. In Eq. ͑1͒, the gyromagnetic ratio ␥ /2 is about 2.8 GHz/ kOe, M s is the saturation magnetization, and are the polar and azimuth angles associated with the direction of M, and F is the free energy. In the rotation model, the free energy includes two parts, namely, demagnetizing energy E d and magnetocrystalline anisotropy energy E a , and is given by where N x , N y , and N z are the demagnetizing factors along the x, y, and z axes, respectively, and K 1 , K 2 , and K 3 are the first, second, and third-order magnetocrystalline anisotropy constants, respectively. In the anisotropy energy E a , the first two terms are related to the out-of-plane anisotropy field H , and the third term is the sixfold energy term associated with the in-plane anisotropy field H . H and H are given by
Substituting Eq. ͑2͒ into Eq. ͑1͒, the resonance frequency can be expressed as
for c-plane anisotropy.
For spherical particles, due to the demagnetizing factors of N x = N y = N z =1/3, the resonance frequency f r is given by
For particles with disk shape, the demagnetizing factors are approximately N x = N y = 0 and N z = 1. Therefore, the resonance frequency f r is given by
Our previous work 17 has shown that, for W-type barium ferrite BaCoZnFe 16 O 27 , the anisotropy fields H and H are 8.5 and 0.6 kOe, respectively, and the saturation magnetization M s is about 4.9 kG. For the undoped sample, the particles have the shape of cuboidlike. As it is difficult to accurately estimate the demagnetizing factors, for simplicity, spherical particles are assumed. Based on Eq. ͑6͒, the natural resonance frequency is estimated to be f r = 2.8 ͱ 8.5ϫ 0.6 = 6.3 GHz. For the doped samples with hexagonal-plate particles, the resonance frequency f r is given by Eq. ͑7͒: f r = 2.8 ͱ ͑8.5-4.9͒0.6= 4.1 GHz. The calculated values are highly consistent with the experimental results at 6.0 GHz ͑undoped sample͒ and 4.0 GHz ͑sample doped with 1.0 wt % of V 2 O 5 ͒. From the SEM images, it is observed that the ratio of the thickness to diameter of the grains is decreased by doping with V 2 O 5 . This implies the increase in the demagnetizing factor N z and decrease in the demagnetizing factors N x and N y for hexagonal-plate particles. Consequently, the resonance frequency f r decreases with the doping of V 2 O 5 .
D. Microwave attenuation properties
EM wave attenuation is determined from the reflection loss ͑RL͒. In the case of a metal-backed single layer, RL is given by RL͑dB͒ = 20 logͯ 
where Z in is the impedance of the composites, Z 0 is the intrinsic impedance of free space, c is the light velocity, t is the thickness of composites, f is the frequency of the incident EM wave, = Ј-jЉ is the complex permeability, and ⑀ = ⑀Ј-j⑀Љ is the complex permittivity. The complex permittivity and permeability are taken from Figs. 3 and 4.
To obtain impedance-matching conditions of the singlelayered absorber, the graphical map method is commonly used. 23 Here, we use another method proposed by Kim et al. 24 and Li et al. 25 Firstly, based on Eqs. ͑8͒ and ͑9͒, the reflection loss ͑RL͒ with various thicknesses t over 0. 5-16.5 GHz is calculated for all samples. Secondly, for each thickness, there is a relative bandwidth of W = f up / f low , where f up and f low are the upper-and lower-frequency limits of the bandwidth for attenuation of 10 dB or more. Therefore, the dependence of W on the thickness t for each sample is obtained, as shown in Fig. 6 . Finally, we define the optimum thickness t o to be the thickness at which the relative bandwidth W is maximum. We can obtain the maximum relative bandwidth W max , the optimum thickness t o , and the corresponding microwave attenuation property for each sample. Figure 7 shows the frequency dependence of the reflection loss at optimum thickness t o for some typical samples. The values of f up , f low , t o , and the corresponding W max are listed in Table III . In Fig. 7 , we observe two minima in the reflection loss, RL min,1 and RL min,2 . It is noted that RL min,1 occurs near the natural resonance frequency. It is known that, when the thickness of the composite t is a quarter of the wavelength in the composite, the incident and reflected waves will be canceled. For the sample doped with 1.0 wt % V 2 O 5 , t o is 3 mm, Ј and Ј are about 7.0 and 0.55, respectively, at the frequency of 12.8 GHz. The frequency of RL min,2 is estimated to be f = c / ͑4t o ͱ ЈЈ͒ = 13 GHz, where c is the light velocity. This is consistent with the experimental result. Therefore, the first minimum RL min,1 is associated with the magnetic resonance, and the second RL min,2 originates from the thickness of the composites.
Three important attenuation properties are found, based on Table III and Fig. 7 . Firstly, as the doping amount ␦ is increased, the band for attenuation of ജ10 dB is shifted to lower frequency. f low and f up are 5.5 and 16.5 GHz, respectively, for ␦ = 0, and decreased to 3.5 and 12.7 GHz, respectively, for ␦ = 1.5 wt %. The decrease is attributed to the lower natural resonance frequency due to the higher amount of V 2 O 5 . Secondly, the maximum relative bandwidth W max increases considerably from 3.0 to 3.9, as the doping amount ␦ varies from 0 to 1.0 wt %. With the increase in the doping of V 2 O 5 , permeabilities 0 Ј and max Љ are significantly increased, leading to the broad bandwidth. However, for ␦ = 1.5 wt %, the decrease in 0 Ј and max Љ lead to a narrower bandwidth; W max is about 3.6, as compared to 3.9 for ␦ = 1.0 wt %. Finally, the optimum thickness t o increases from 0.24 to 0.32 cm, as the doping of V 2 O 5 varies from 0 to 1.5 wt %. The increase in t o is attributed to the decrease in the resonance frequency f r . For broadband performance, ft ͱ in Eq. ͑9͒ should remain constant. Therefore, as the resonance frequency decreases due to the doping of V 2 O 5 , the corresponding thickness of the composites will be increased. Figure 7 shows that the sample doped with 1.0 wt % of V 2 O 5 has very good attenuation property for use as EM materials with low reflectivity and broadband at microwave frequency; the bandwidth for attenuation of more than 10 dB is from 3.5 to 13.8 GHz, and the relative bandwidth reaches 3.9 with a thickness of 3 mm. 
IV. CONCLUSIONS
The doping of V 2 O 5 can significantly improve the dynamic properties of W-type barium ferrite composites at microwave frequency. As compared to the undoped sample, the permeabilities 0 Ј and max Љ increase by about 42% and 67%, respectively, for the sample doped with 1.0 wt % of V 2 O 5 .
The increase in 0 Ј may be related to the decrease in coercivity, due to the doping of V 2 O 5 . By doping with V 2 O 5 , perfect hexagonal-plate grains are formed, leading to a decrease in the natural resonance frequency due to the large demagnetizing effect. The predicted reflection loss shows that the maximum relative bandwidth for attenuation of more than 10 dB, W max = f up / f low , reaches 3.9, where f low and f up are 3.5 and 13.8 GHz, respectively, for the sample doped with 1.0 wt % of V 2 O 5 . This is a good candidate for EM materials with low reflectivity and broad bandwidth at microwave frequency.
